The present study describes and validates a 3H/14C double-label autoradiographic method in which separation of the labels was obtained by sequential film exposures to film types sensitive to 14C only and to both 3H and 14C, respectively. The error in assuming a pure 14C image on the first film was 2-3%. A linear subtraction equation was developed for calculation of the 3H activity expressed in 14C equivalents as the difference in tissue activity between the second and the first film exposure. The actual 3H activity in the tissue could be obtained by
The study of several physiological variables si multaneously in the same animal makes it possible to establish their interrelationships in various phys iological and pathophysiological states. Simulta neous determination of cerebral blood flow (Rei vich et al., 1969; Sakurada et al., 1978) and glucose metabolism (Gjedde, 1982; Sokoloff et al., 1977) is one of the most frequently studied combinations of physiological variables, and coupling or uncoupling between the two has been described in normal an imals (Ginsberg et al., 1986) and in focal or global cerebral ischemia (Mies et al., 1981; Ta naka et al., 1985; Nedergaard et al., 1986) , experimentally in duced seizures (Ingvar and Siesjo, 1983) , spreading depression (Mies et al., 1981) , and experimental brain tumors (Blasberg et al., 1981; Mies et al., 1981) . The administration of several radioactive labels to the same animal has also been used to study blood-brain barrier permeability to a number of different tracers in various pathological states, e.g., experimental allergic encephalomyelitis (Juhler et al., 1984) , experimental diabetes mellitus multiplying the result by 25 ('4C to 3H conversion factor). The subtraction procedure was validated for absolute 14C and 3H activities of 100-1,300 nCi/g and 600-11 ,000 nCi/g, respectively, and for relative 3HI'4C activities be tween 5 and 10. Self-absorption of 3H in white matter was corrected for by multiplication by 1.61 (self-absorption coefficient). This factor was close to unity for 14C. Key Words: Autoradiography-'4Cf3H Double label-3H self-absorption.
(Moos Knudsen et al., 1986) , and brain edema (Kuriowa et al., 1985) .
Quantitative measurement of each label in multi tracer experiments has been possible for many years in macroscopic brain samples by beta or gamma scintillation counting using appropriate quench and channel spillover correction (Ohno et al., 1978; Juhler et al., 1984) . The spatial resolution of such methods is limited by the macroscopic dis section of brain parts and is less applicable for studying small anatomical regions or small, highly focal pathological changes (Juhler et al., 1984 (Juhler et al., , 1985 . Quantitative autoradiography provides both precise quantitation and a spatial resolution in the order of 100 jJ.m (Juhler et al., 1985; Smith, 1983) . Double-label autoradiography offers determination of two different physiological variables within very small brain regions. Its application requires careful validation of the method to ascertain reproduci bility both in terms of quantitation and in terms of the precision with which a given small area can be located on two different autoradiographic films. The present study presents a method for autoradio graphic quantitation of two different variables in any area of interest by the use of simultaneous 14C and 3H label and computerized densitometry.
VALIDATION EXPERIMENTS
Before validation of the double-label procedure, exper iments were performed to calibrate a set of permanent 14C plastic standards against each isotope by single-label experiments. Based on the results of the single-label pro cedures, a formula for separating 3H and 14C in double label experiments was proposed, which was subse quently evaluated by a series of experiments. Details of each of these steps are described below.
Preparation and calibration of 14C plastic standards
Radioactive methylmethacrylate standards were made by adding varying amounts of 14C-methylmethacrylate (Amersham, Arlington Heights, IL, U.S.A.) to industrial nonlabeled methylmethacrylate. A series of nine stan dards with different activities and one blank standard were obtained. The standards were calibrated against freshly prepared 20-ll-m thick sagittal rat brain sections of known 14C activity (I4C-3-0-methylglucose; New England Nuclear, Boston, MA, U.S.A.) determined by beta scin tillation counting (in the following referred to as "brain standards") (Reivich et al., 1969) . In order to minimize error from varying thickness of the brain sections, 10 sections were collected from each of the 20 rat brains used for the experiment. The calibration procedure was performed on SB-5 (Kodak, Rochester, NY, U.S.A.) (1 week), MR-l (Kodak) (5 weeks), and Ultrofilm (LKB Products, Bromma, Sweden) (2 weeks), which yielded essentially identical results. The standards were cali brated against both gray and white matter by a third-de gree polynomial fit. The range of standard values for gray matter was 36-835 nCi/g, r2 = 0.98. The range of stan dard values for white matter was 30-900 nCi/g, r2 = 0.97.
Cross-calibration of 14C standards against 3H tissue activity
The 14C-methylmethacrylate standards were calibrated against brain standards containing a known 3H activity by a procedure identical to the one described above for cali bration against 14C brain standards. This yielded 3H equivalent values for the 14C standards of 27.5 times the value in 14C equivalents for gray matter (r2 = 0.91 by linear regression analysis). In other words, 3H tissue ac tivity in gray matter must be 27.5 times 14C tissue activity to produce the same optical density on the film (Table 1) .
3H tissue activity expressed in 14C equivalents by the Calculated 3H tissue activity in 14C equivalents (activity on Ultrofilm minus activity on MR-l film) is converted to actual3H tissue activity by a conversion factor. The values of this factor shown in the table were obtained by: (I) calibrating 14C plastic standards against brain tissue with either 14C or 3H activity. Standard values by 3H calibration were 27.5 times the values by 14C calibration (cross-calibration of standards). (2) Activity in tissue standards (14C + 3H double-label) was measured autora diographically and by beta scintillation counting. 3H activity in 14C equivalents was calculated from the autoradiograms (activity on Ultrofilm minus activity on MR-I) and compared to the ac tual 3H activity obtained by scintillation counting (see also (3) Film sensitivity to 14C by definition is 1.00. Measured film sensitivity to 3H is 4.02 x 10-2• The conversion fa ctor is then 1/(4.02 x 10-2). See also Table 2. use of 14C standards can also be converted into 3H equiv alents by calculating the film sensitivities to the isotopes for each type of film (Lear et al., 1981) , i.e., the number of nCi/g measured in the tissue (by a standard curve based on the plastic standards) per nCi/g of actual tissue activity. The MR-l sensitivity to 14C was defined as 1.00. The MR-l sensitivity to 3H and the LKB sensitivity to both 14C and 3H were obtained from measurements on the previously mentioned 14C and 3H single-label brain stan dards. The results are presented in Ta ble 2. The recip rocal value of the sensitivity is the factor by which the tissue activity measured in "14C MR-l equivalents" must be mUltiplied to obtain a tissue activity expressed in equivalents appropriate for the film and the isotope in question. This factor is 24.9 ± 4.0 (SEM) for 3H expo sure to LKB films (Tables 1 and 2) .
Two series of 10 double-label standards were prepared from fresh rat brain homogenate. The first series con tained relative 3H: 14C activities of 6.3 ± 0.5 (SD); the second, relative activities of 11.2 ± 1.1 (SD). The abso lute activities in nCi/g were determined by beta scintilla tion counting and ranged from 98 to 1,330 nCi/g for 14C and from 636 to 8,876 nCi/g for 3H in the first series. The ranges in the second series were 112-1,040 nCi/g for 14C and 1,375-11,043 nCi/g for 3H. The homogenate stan dards were frozen in isopentane at -45°C and sectioned into 20-ll-m thick slices. At least 10 sections were ob tained from each standard. MR-l film and Ultrofilm were exposed to these sections together with the plastic stan dards for 5 and 2 weeks, respectively. The activities in the homogenate standards were measured on the autora diographic films by a standard curve based on the plastic standards, whereby optical density on the films was con verted into units of radioactivity (nCi/g). It was hypothe sized that the 3H activity could be calculated by simple linear subtraction of the tissue activity (nCi/g) measured on the MR-l film from the tissue activity on the Ultro film, assuming that MR-l film would be sensitive to 14C only, and Ultrofilm would be sensitive to both isotopes. Activity on both films and the value obtained by subtrac tion were all expressed in 14C equivalents. Based on the results from the single-label cross-calibration procedures, it was expected that the true 3H activity would be 25-27 times the value obtained by subtraction (Table 1) .
where T is the autoradiographically measured tissue ac tivity, F the 14C-to_3H conversion factor, and A CH) is the Units of tissue activity measured on autoradiographic film di vided by units of actual tissue activity measured by beta scintil lation counting. Values are ± SEM.
• MR-I film sensitivity to 14C defined as 1.00. Other sensitivi ties are given relative to this value. actual 3H tissue activity in nCi/g. Figure 1 illustrates the relationship between the calculated activity and the 3H activity measured by beta scintillation counting. It is readily appreciated that either method gives closely sim ilar results for the 3H tissue activity (Table 1) .
The fractional contribution from 14C to the total ac tivity registered on the LKB film, and thus the per centage of the total activity to be subtracted, can be esti mated by calculating a "weighted impact ratio," IRw:
where CH/14C)13 is the relative activity obtained by beta scintillation counting (i.e., 6.3 and 11.2 in the present manuscript), and IR is the 3H impact on the film per unit of tissue activity relative to the 14C impact, i.e., the con version factor. IRw is 0.25/1 and 0.4511 for (lHj14C)f3 of 6.3 and 11.2, respectively. Thus, 80% and 69%, respectively, has to be subtracted in order to obtain the 3H activity from the sum impact.
The MR-l sensitivity of 3H was found to be 2.56 x 10-3 ± 1.1 x 10-3 (Table 2) , i.e., the tissue activity in 14C equivalents has to be multiplied by 392 to obtain the true 3H tissue activity. The ability of 3H to expose the MR-l film is thus poor, and contamination by 3H of the as sumed pure 14C activity registered on the MR-l film is conceivably negligible. The proportion of the activity reg istered on MR-l film attributable to 3H is shown in Ta ble 3.
Measurement of self-absorption
White matter is more absorbing to beta particles of low energy than gray matter. This is referred to as self-ab sorption (Orzi et ai., 1983) . It is hardly noticeable for 14C, for which the calibrated standard values are almost the same in gray and white matter (see above). For 3H, there is a considerable degree of self-absorption in white matter, and standards calibrated against gray matter cannot be used for measurements in white matter without correction.
A correction factor (self-absorbtion coefficient) by which measurements of tissue activity in white matter must be multiplied if standards calibrated against gray matter are used. Double-label experiments were performed with 14C-alpha amino isobutyric acid (AlB) and 3H-AIB. The tracers circulated for 15-60 min (Blasberg et ai., 1983) . CNS tissue (spinal cord) was removed and processed as described above. MR-l and LKB films were exposed to the tissue as described above. Measurements of tissue 14C and 3H activity were performed using the gray matter standard values for 14C and a 14C to 3H conversion factor of 25 (see above). The blood-to-tissue transfer constants (K 1 ) (Blasberg et ai., 1983) were calculated for both 14C_ AlB and for 3H-AIB. The results are presented in Ta ble 4.
It can be seen that the Kl values obtained in gray matter are the same for 3H-AIB and 14C-AIB, whereas Kl ob tained for 3H-AIB in white matter is 62% of Kl for 14C_ AlB. The estimated correction for self-absorption of 3H in spinal cord white matter is then 1/0.62 = 1.61. Geary and Wooten (1985) found that there is a considerable re gional variation in self-absorption. By measuring the same physiological parameter in several CNS regions with a 14C_ and 3H-Iabeled tracer in the same animal as described above, a regional "mapping" of self-absorp tion could be obtained.
Image analysis of autoradiograms
Autoradiographic films were analyzed by computer ized densitomety through a videocamera (Leitz TAS Plus). The outline of a stained tissue section was stored in one array of the computer and used as a template for T is the experimental time; Kl (the blood-to-tissue transfer constant) is given for measurements (both 3H-AIB and 14C-AIB) in gray matter. The values are similar to those obtained by others (Blasberg et ai., 1983; Juhler et ai., 1985) . Ratio (gray matter) is the ratio in gray matter between Kl measured for 3H· AlB and Kl measured for 14C·AIB. Ratio (white matter) is the same ratio for white matter.
a Statistically significant differences (paired t test, p < 0.02). All other differences are not statistically significant.
manual alignment of the corresponding autoradiographic images on Ultrofilm and MR-l film. Where applicable, regions of interest (e.g., anatomically defined regions or pathologically changed areas) can be selected by drawing with a light pen on the histological section projected on the monitor. The selected regions are stored in a second computer array and may subsequently serve as templates for measurement of optical density on the corresponding autoradiograms. As described above, the regional optical densities are converted to regional tissue activity by means of a standard curve based on the plastic standards and by a subtraction procedure.
Entire films can also be digitized in 256 x 256 or 512 x 512 pixels in up to 256 levels and stored in computer arrays so that both the image derived from the MR-l film (l4C image) and the subtracted image on MR-l film can be displayed on the monitor as images of entire brain sec tions.
DISCUSSION
The present study describes a method for 3H + 14C do u ble-label autoradiography by simple linear subtraction in specified regions of interest or pixel by pixel in whole tissue sections. The same tissue section is used for two autoradiographic images, for the resulting subtracted image, and for histology. The method has been validated for a number of fixed conditions, and it cannot be automatically as sumed without further validation experiments that the method is directly applicable under other cir cumstances. The fixed conditions follow.
(1) Exposure times. It was chosen to expose MR-l film to the tissue sections for 5 weeks, as this film type was exposed almost exclusively by 14C, and the rather low 14C activity in the tissue would require a long exposure time. "Spill-up" of 3H to the MR-l film may become more pronounced if longer MR-l exposure times are used. Ultrofilm film was exposed for only 2 weeks, because this film type is sensitive to both 14C and 3H. If different exposure times are used for the Ultrofilm, the con tribution to the total impact on the film from 3H and 14C, respectively, may change from the values indi cated by the film sensitivities ( Table 2) . If film sen sitivities are expressed as the impact per unit of ex posure time for a certain type of film by a given isotope, time is introduced as a variable and fixed exposure times need not be used (Lear et al., 1981) . On the other hand, this would also introduce yet another step requiring mathematical correction, and thus, an additional step with statistical varia tion and error.
(2) Tissue concentrations of 3 Hand 14e. A low tissue activity of 14C compared to the 3H tissue ac tivity was aimed at so that the contribution from the very low energy 3H beta particle would not be com pletely overshadowed by the impact on the LKB film from 14C and so that the activity to be sub tracted (I4C) from the total activity (I4C + 3H) reg istered on Ultrofilm would be as low as possible in order to minimize error. On the other hand, 14C ac tivity would also have to be high enough to give an impact on the MR-l film in the range of the avail able standards. The method was validated for abso lute 14C tissue activities between approximately 100 and 1,300 nCiJg and for concomitant absolute 3H tissue activities between approximately 600 and 11,000 nCi/g. The relative 3H: 14C activities in the validation experiments were 6.3: 1 and 11.2: 1 ( Table  3) . If absolute and relative activities beyond the ones mentioned are obtained, one of the isotopes could "saturate" (i.e., expose all the silver grains) the film before the other might have any significant impact on the film, and the presented subtraction procedure, which is based on the relative impacts of 14C and 3H, would of course not be applicable. Both higher absolute 3H activity and higher relative 3H activity (Table 3 ) might increase the 3H contami nation of the (per definition) pure 14C image on the MR-l film. In summary, the procedure should bal ance against each other the demand for (1) a rela tively low 14C contribution to be subtracted, (2) a reliable "single-label" 14C image, (3) minimal "spill-up" of 3H into the MR-l film, and (4) avoid ance of film saturation.
(3) A l ignment of images. Double-label autoradi ography requires at least one alignment procedure (i.e., if one of the autoradiograms is used as tem plate for alignment of the other). If regions of in terest are defined on the histological image, both autoradiograms must be aligned to the histological image, i.e., two alignment procedures are per formed. The variation on the measured activity in an area approximately tOO x 100 /-Lm is about 5% if a single alignment is performed (Juhler et al., 1985) . This inaccuracy will increase in multiple-label auto radiography. It may be as high as 10% [1 -(0.952)] if two alignments are necessary. If a larger area is defined as region of interest, more measurement points (pixels) will overlap between the different alignments, and reproducibility and reliability is in creased. Careful alignment is thus extremely im portant, and the size of the measured area should not be too small. The spatial resolution in a mul tiple-label experiment is thus less than in a single label experiment.
Self-absorption
Measurement of 3H activity in white matter must be corrected to be comparable to the tissue activity in gray matter. The correction factor (self-absorp tion coefficient) was found to be 1.61. Self-absorp-tion is a phenomenon that pertains to single, as well as multiple, label autoradiography whenever 3H is used as a label.
Other methods for multiple-label autoradiography Several other studies have described methods for multiple-label quantitative autoradiography. Quan titation of the physiological variables to be studied by means of the administered radio labeled tracers requires separation of each of the labels. In prin ciple, separation involves a series of sequential film exposures and is based on different half-lives of the isotopes, different solubility of the radiolabeled compounds, different emission energies of the iso topes, or a combination of these principles. Lear et al. (1984) have described a general ap proach in which two or more radionuclides with different half-lives can be used to study several physiological variables simultaneously. A simple method using a combination of a relatively short lived isotope, e.g., radioactive iodine, and 14C (which for all practical purposes has an infinite half-life and therefore does not need to be corrected for decay), was described for simultaneous mea surement of local cerebral blood flow (lCBF) and local cerebral glucose metabolism (lCMRg1u), using 1311-iodoantipyrine (lAP) and 14C-2-deoxyglucose (2-DG) (Mies et aI., 1981) . By administering a large amount of 1311 compared to 14C, 14C contamination ,of the first exposure was negligible and was cor rected for only if more than 10% of the optical den sity on the film could be attributed to 14C. At the second exposure 8 weeks later, 1311 (half-life 8 days) had decayed away, and a pure 14C image was ob tained. A 123I114C double-label method, likewise for simultaneous measurement of CBF and CMRglu, is also available (Lear et aI., 1981) . This method also utilizes the shorter half-life of the iodine label (13 h) as the basis for separation of the labels. The latter study in detail presents considerations on film ex posure time, film sensitivity to each isotope, and a set of equations to correct the measurements for cross-contamination between 14C and iodine (1231 with a small impurity of 1251). Both methods are ap plicable exclusively for studying physiological vari ables measurable by iodine-labeled tracers, which limits their general use to some extent.
Removal of one label by washing one of the tracers out of the tissue section, leaving another in soluble tracer behind in the tissue, has also been used in double-label autoradiography to separate 3H or 14C deoxyglucose and 14C-iodoantipyrine (Diemer and Rosenprn, 1981; Gjedde and Diemer, 1985; N edergaard et aI., 1986) . The latter com pound, which is strongly lipophilic, is removed by washing the tissue sections in an organic solvent [e.g., chloroform (Ginsberg et al., 1986) , dimethoxy propane (Diemer and Rosenprn, 1981) ], and the glucose analogs, which are water-soluble and (at least partly) bound to the cells, are left behind in the tissue to produce the second autoradiographic image. CBF is then calculated directly from the first image (in case of 3H-2-DG/14C-IAP) or by sub traction of the second image from the first (Diemer and Rosenprn, 1981; Furlow et aI., 1983) . Use of chloroform does not remove all lAP and not all 2-DG is retained (Jones and Greenberg, 1985) . However, corrections can be made, as the fraction of undesired lAP retention and the fraction of un desired 2-DG washout are predictable (Ginsberg et aI., 1986) . On the other hand, dimethoxypropane removes all lAP and the short washing period used (Diemer and Rosenprn, 1981) will not affect the tissue content of 2-DG (Diemer, to be published).
In principle, either the lipid-soluble tracer or the water-soluble one can be eluted from the tissue by choosing the appropriate solvent. Regardless of the type of solvent used, a prerequisite and limitation for this type of separation is that only tracers of en tirely different solubilities can be used.
A combination of microtissue sampling and auto radiography has also been described for deter mining CBF and CMRglu simultaneously (Tanaka et aI., 1985) . With that method, CMRglu was measured using 14C-deoxyglucose as a single autoradio graphic label. CBF in the corresponding regions was measured from the distribution in the tissue of intravenously injected gamma-labeled micro spheres. The gamma emission is not detected re gionally on the autoradiographic film, but can be measured by gamma spectroscopy of small tissue samples from a thicker tissue slice adjacent to the autoradiographic section. By this technique, one of the variables measured has to be CBF. As it is often desired to measure CBF as one of the variables in a multitracer study, this would not be a limitation of the method in most experimental designs. The re gional resolution of the method is determined by the size of the small tissue samples, i.e., it will be somewhat inferior to methods where autoradiog raphy is used alone. It would therefore be difficult to demonstrate highly focal pathophysiological changes, which also might not extend from the au toradiographic/histological section into the tissue slice used for sampling (Juhler et aI., 1985) .
Autoradiography may be combined with other techniques that do not use radioactive emission for detection. This may augment the number of physio logical variables that can be measured in a single experiment. Various histochemical procedures can be performed on sections next to the one used for autoradiography. For instance, regional pH in a tissue section can be visualized and quantitated by the use of umbelliferone, which produces a pH dependent fluorescence in light of certain wave lengths (Csiba et aI., 1983) . A semiquantitative method for visualizing regional ATP concentration uses luciferase (an enzyme), which causes an ATP dependent fluorescence on the tissue section (Ko gure and Alonso, 1978; Paschen et aI., 1981) .
The autoradiographic method validated in the present article allows simultaneous determination of any two physiological variables that can be la beled by either 3H or 14C (which is the case for al most all biological tracers). The subtraction proce dure is simple and gives reliable results of the mea surements in both gray and white matter, provided that a correction for self-absorption of 3H is used in the latter. It may be extended for triple-label studies by combination with the above described methods, which employ removal of one label by ra dioactive decay (Mies et aI., 1986) or by use of a solvent (Mies et aI., 1986; Nedergaard et aI., 1986) .
